In sampled-current voltammetry (SCV) current transients acquired after stepping the potential along the redox wave of interest are sampled at a fixed time to produce a sigmoidal current-potential curve akin to a pseudo steady state voltammogram. Repeating the sampling for different times yields a family of sampled-current voltammograms, one for each timescale. The concept has been used to describe the current-time-potential relationship at planar electrodes but rarely employed as an electroanalytical method except in normal pulse voltammetry where the chronoamperograms are sampled once to produce a single 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 diffusion at short times to hemispherical diffusion at long times. We also combine microdisk sampled-current voltammetry (MSCV) with a conditioning waveform to produce voltammograms where each data point is recorded with the same electrode history and demonstrate that the waveform is crucial to obtaining reliable sampled-current voltammograms below 100 ms. To facilitate qualitative analysis of the voltammograms we convert the current-potential data recorded at different timescales into a unique sigmoidal curve which clearly highlights kinetic complications. To quantitatively model the MSCVs we derive an analytical expression which accounts for diffusion regime and kinetic parameters.
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The procedure is validated with the reduction of Ru(NH 3 
3+
, a model one electron outer sphere process, and applied to the derivation of the kinetic parameters for the reduction of Fe 3+ on Pt microdisks. The methodology reported here is easily implemented on computer controlled electrochemical workstations as a new electroanalytical method to exploit the unique properties of microelectrodes, in particular at short times.
INTRODUCTION
Because of its simplicity sampled-current voltammetry (SCV) is a convenient concept often used in textbooks 1, 2 to introduce the theoretical relationship between potential, time and current for simple redox processes at planar electrodes. SCV belongs to the family of pulsed voltammetric methods developed to enhance detection limits and minimize distortion from background processes. [3] [4] [5] [6] [7] In its basic form successive chronoamperograms are recorded after stepping the potential from a rest value where no redox process occurs at an appreciable rate In this study we demonstrate how applying SCV to microdisk electrodes offers new opportunities to exploit the unique properties of microelectrodes, particularly at short times.
We are chiefly interested in harnessing and analyzing the Faradaic information available irrespective of the diffusion regime that controls mass transport to the electrode, i.e.
irrespective of the timescale of the experiment. Furthermore we combine MSCV with a potential waveform carefully designed to renew the electrode surface before each potential step thus ensuring that every point on the sampled-current voltammogram corresponds to the same electrode surface state. This aspect is particularly important and appears to have been neglected as a key advantage of SCV at solid electrodes. With many metallic electrodes, e.g.
Pt, the formation and removal of oxides or the adsorption and desorption of hydrogen create parallel redox processes which distort the Faradaic information at short times and make the analysis of chronoamperograms on the millisecond time scale particularly challenging unless some form of background subtraction is involved. In this respect it is worth noting that most short time amperometry at microelectrodes, typically carried out as high speed cyclic voltammetry, [8] [9] [10] [11] [12] [13] [14] has been recorded in organic media where distortion from surface redox processes are much less pronounced than in aqueous media. It is also worth noting that while all the points on a given sampled-current voltammogram share the same history, SCVs for different sampling times reflect different electrode histories since the electrode surface evolves with time during a given potential step. Even though the electrode always starts from the same state after the pretreatment, data sampled at different sampling times correspond to different states of the electrode surface.
We first describe the conditioning waveform and normalizing procedure then validate the overall procedure with the reduction of Ru(NH 3 ) 6 3+ on Pt microdisk electrodes. Ruthenium hexamine undergoes a rapid outer sphere one electron transfer process and was therefore chosen as a model system expected to produce diffusion controlled chronoamperograms on a Potentiostatic pretreatment: The conditioning waveform shown in Figure 2 was adapted from a potential waveform previously designed to pretreat Pt microdisk oxygen sensors. 15 Briefly the upper cleaning potential was set in the foot of Pt oxide formation to promote oxidation of the Pt surface without increasing the surface roughness while the lower cleaning potential was set to promote the reduction of the Pt oxide and the adsorption of hydrogen.
The rest potential was always set to the OCP to ensure zero current before the potential step.
The directions of the potential sweeps were chosen to ensure the electrode was first oxidized then reduced. The end of the waveform was chosen so that the electrode would return to the OCP on a positive sweep having stripped the hydrogen from the surface. This guaranteed that the current recorded during the potential step did not include a Faradaic contribution from oxide reduction. As will be shown below this carefully designed waveform turned out to be crucially important to acquire purely diffusion controlled current with the Pt microdisks on a sub-second timescale. Normalization was achieved by dividing each experimental current with the theoretical diffusion controlled current expected at a microdisk electrode of identical radius, for the same bulk concentration of redox species and importantly for the same time after the potential jump. This theoretical value was calculated using equation (1):
where ݊, ‫,ܨ‬ ‫,ܦ‬ ܿ ஶ , ܽ, ߬ are respectively the number of electrons, Faraday's constant, bulk concentration, diffusion coefficient, electrode radius, time at which the current is considered and ݂ is a function proposed by Mahon and Oldham 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 current value was then normalized with the theoretical current calculated for the relevant sampling time using equation (1) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 chronoamperograms recorded with different acquisition procedures. In NOVA, as in many modern electrochemical systems, current acquisition at short timescales can be made more accurate by using the 'high speed' mode rather than the 'high stability' mode. By converting the current-potential data recorded at different timescales into a single sigmoidal curve the normalization provides a very simple way of comparing and analyzing the data. This is particularly useful for microelectrodes because cyclic voltammograms change shape as the mass transport regime evolves from planar to hemispherical diffusion. 17 As will be shown below, the approach is also very sensitive to slight deviations of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 following sections we show that deviations from the diffusion controlled response also reflect complications from parallel adsorption/desorption processes or from heterogeneous kinetic limitations. Together Figure 5 and Figure 3 illustrate the dramatic improvements the conditioning waveform made to the current at short sampling times. To assess whether similar 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 analytical expression exists to extract the kinetic information clearly displayed in the normalized MSCVs. The methods reported to extract kinetic parameters from the shape of quasi-reversible steady state voltammograms at microelectrodes [18] [19] [20] are not suitable because they apply to steady state mass transfer conditions and it is known that care must be exercised when extracting kinetic information from voltammetric and chronoamperometric responses at microdisks under conditions intermediate between planar and hemispherical diffusion. [21] [22] [23] Therefore to derive E 0 , k 0 and α, respectively the standard potential, standard heterogeneous rate constant and transfer coefficient, an expression developed by Oldham et al. 19 to extract kinetic information from voltammograms arising from steady state hemispherical diffusion at microdisk electrodes was modified to account for the time dependence of the mass transport.
Role
To account for the influence of the different diffusion regimes the steady state diffusion controlled current in their original expression was replaced with ‫ܫ‬ ௧ ௗ from equation 1 and the steady state mass transfer coefficients for O and R were replaced by time dependent mass transfer coefficients also derived from equation 1 and given by
where subscript i represents the species of interest and ݂ is the function given in equation 2.
These modifications yield a new expression, equation 5, which predicts the dependence of the microdisk current on potential and time for quasi-reversible electron transfer kinetic conditions, i.e. the shape of the MSCVs affected by kinetic limitations.
where
and
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The range of sampling times appropriate to record the MSCVs must be adjusted depending on experimental conditions such as the specifications of the potentiostat (e.g. acquisition rate, response time of current follower), the solution parameters (viscosity, concentration and diffusion coefficient of the redox species) and the microdisk radius. Since the normalization implies that diffusion is the only form of mass transport, the longest sampling time should follow the criteria reported by Amatore et al. 27 so that the corresponding MSCV is not affected by natural convection. 28, 29 In contrast, the shortest sampling time should be sufficiently long to ensure the current is not affected by the response time of the current
follower. Ideally the current should be recorded with a non-linear amplifier so as to exploit the whole dynamic range of the transient but since commercially available electrochemical workstations operate with linear amplifiers the current sensitivity should be low enough to avoid saturation of the current follower at short times and high enough to afford a reliable measure of the long-time current. If the current sensitivity and acquisition rate chosen force the amplifier to saturate at short times, the shortest sampling time should be long enough to ensure that the amplifier has recovered from the saturation (recovery times vary between Op Amps and can be longer than the duration of the saturation). In the experiments presented here the current sensitivity was such that the amplifier never saturated.
The MSCV timescale can be compared with that of a conventional voltammogram as the scan rate needed to achieve the same conditions under linear sweep voltammetry can be
For the sampling times used in this work, 500 to 2.5 ms, the equivalent sweep rates range between 50 mV s -1 and 10 V s -1 while sampling at 1.33 µs, the shortest sampling time The MSCVs recorded at short times have large currents and it is worth considering whether their shape is affected by Ohmic distortion. When sampling at 2.5 ms, the diffusion controlled current for a step in the plateau region is approximately 98.7 nA for the conditions employed in Figure 4 . The corresponding uncompensated solution resistance (estimated using equation 3 in SI) and iR drop are respectively ~3078 Ω and ~0.3 mV. When sampling at 10 µs, the diffusion controlled current rises to 1.3 µA and the iR drop to 4 mV. In both cases the iR drop is sufficiently small to consider the SCV as unaffected by Ohmic distortion.
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CONCLUSIONS
In this work we combined the unique properties of microdisk electrodes with sampledcurrent voltammetry, an approach apparently never previously undertaken, and reported a simple protocol to analyze and compare the sampled-current voltammograms irrespective of timescale and diffusion regime. This is particularly useful for microelectrodes where conventional cyclic voltammograms dramatically change shape with the diffusion regime when varying the sweep rate. We also combined SCV at Pt microdisks with a conditioning waveform to produce voltammograms where each data point was recorded with the same electrode history and demonstrated that the waveform was crucial to obtaining reliable sampled-current voltammograms below 100 ms. We derived a simple analytical expression, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
